To understand the suppression effect of vacuum chamber scales on gas explosion in a tunnel, we compared the gas explosion flame and pressure propagation in a tunnel with the vacuum chambers of different cross sections and lengths. The suppression effects of vacuum chambers on gas explosion were assessed by the flame propagation distance, the flame propagation velocity, and the overpressure-impulse rule (P-I rule). The results indicate that 1) the vacuum chamber can absorb the explosion wave and explosion energy as much as possible at the beginning of the gas explosion; 2) for the vacuum chambers with the same cross section and at a certain range of lengths, the suppression effects are enhanced with the chamber length increasing; however, over the range of the vacuum chamber length, the suppression effects will not be improved any more by increasing the vacuum chamber length; and 3) the vacuum chambers with larger cross sections are of more effective flame quenching and explosion suppressing.
Introduction
Under the exploitation backgrounds of complicated and changeable storage situations of gas in China, at the goal of reducing major mining gas explosion accidents and developing new effective prevention technique, the 11th Five Year Development Plans in Science and Technology for Safety Production has ranked fire materials and inhibitors as State policy guidance programs, explosion suppression Technology & Equipment as an advanced technology. So it is urgently needed for safety in coal mine production to study new fire materials and structures. For this reason, on the premise that 1) the current suppression and isolation apparatus generally fail to suppress gas explosion [1] [2] [3] [4] , and 2) t he vacuum itself is of low pressure, low density and the suction effects, the author together with other colleagues, have newly developed the explosion suppression equipment -the vacuum chamber [5] [6] . We experimentally studied and theoretically analyzed suppression effects of the vacuum chamber on flame and pressure of gas explosion in a tunnel so as to find out structures and installed positions of the vacuum chamber with optimum suppression effects [7] . Reference [8] indicat es that 1) the cylindrical vacuum chamber with the inner diameter of 300mm and the length of 0.5m show remarkable suppression effects, and 2) when the vacuum chamber is used, the closer it is to the ignition source, the more significant the suppression effect. Does the vacuum chamber s of other shapes and sizes has equally the suppression effect on gas explosion flame and explosive blast waves? How the suppression effect shall be? We selected methane-air as the working medium. The gas explosion experimental system developed by China University of Mining & Technology was used to study and analyze the flame propagation velocity and the explosion pressure along the tunnel with the vacuum chamber of different cross sections and lengths. The research results have more practical significance, and offer references for the prevention of flammable gas explosion in other places. Fig. 1 . Gas explosion experimental system 1. Electrical spark; 2. Vacuum gage; 3. Vacuum pump; 4. Air distribution system; 5. Vacuum chamber; 6. Gas explosion experimental tunnel; 7. Pressure test system; 8. Dynamic data acquisition system; 9. Flame velocity test system
The system mainly consists of a gas explosion tube, a vacuum chamber, a dynamic data collection and analysis system, a flame velocity test system, a pressure test system, an air distribution system and the combustible-gas ignition device. The dotted line represents a weak barrier, which is made of glass and so is very easily broken by an explosion, between the vacuum chamber and the tunnel.
The experimental gas-explosion tunnel
The tunnel used in this experiment was 17 m in length with a cross section of 80 mm×80 mm. The ignition source end was sealed. When evacuating and filling the mixed gas into the tunnel we sealed the outlet end. We opened the outlet end of the tunnel before the mixed gas was ignited to explode.
The vacuum chamber
The vacuum chamber was composed of a steel shell, the frangible cover, a flange and some other parts. One side of the chamber was sealed with a flange and the other side was sealed with a self-designed flange holding the frangible cover, which is put in place during evacuation of the chamber. The frangible cover is the interface between the vacuum chamber and the tunnel. The frangible cover must bear a certain pressure. Once the flammable mixed gas explodes in the tunnel the frangible cover breaks immediately due to the overpressure on the tunnel side and the vacuum on the other side. Burned and unburned gas, together with the increased energy, is quickly sucked into the vacuum chamber once the cover breaks. We call the process an effusion effect. Then the explosion can not propagate.
Tempered glass is used for the frangible cover. The force to break the glass depends on not only the explosion pressure but also on the area and the thickness of the glass. Reference [9] indicates that: 1) For a certain thickness of glass the failure pressure increases with a decrease in the area of the glass, and; 2) For the same area of glass the failure pressure of thick glass is higher than that of thinner glass. In these experiments, to properly suppress gas-explosion prop agation, we want the glass to not be broken when the vacuum is below 0.1 MPa in the chamber. Otherwise, we want the glass to quickly break into pieces the moment the gas explodes. Many experiments proved that a 4 mm thick glass with the same area can meet these requirements.
Because of laboratory condition constraints, the following designs of the vacuum chambers were used in the experiments : 1) square ones with the inner diameter of 80m m×80mm and the lengths of 1, 2.5, 3.5 and 5.5m; and 2) cylindrical ones with the inner diameter of 300mm and the lengths of 0.5 and 1m. In practice, the vacuum chamber is connected to the side of the tunnel to allow normal production and ventilation in the tunnels (Figure 2 ). 
Measuring explosion parameters
Two important parameters, the flame propag ation velocity and the explosion pressure, were measured with a flame transducer (a photosensitive transistor) and a pressure transducer type CYG1402. A dynamic data collation system type TST3000 was also used. The signal output from the flame and pressure transducers was connected to the TST3000 system. The TST3000 system automatically processes and displays the data according to preset conditions, such as sampling length, sampling rate and so on. Synchronous sampling of the flame and pressure si gnals at the moment of the gas explosion was achieved by connecting pin 5 of the COM port of the TST3000 system to the signal pin of one flame transducer located very close to the ignition source. Once the flame transducer is triggered the other ones will also be triggered instantaneously.
Six pressure measurement points and eleven flame measurement points are located along the experimental tunnel. Experiments showed that the explosion power was so great that we could feel a slight shaking of the ground. The explosion pressure is much higher than 1.2 MPa at a distance along the tunnel 10 m from the ignition source when the methane concentration of the mixed gas was 9.3%. The pressure transducers used in the experiment can read to 1.5 MPa. Some pressure transducers were damaged and did not work because the explosion pressure exceeded their rating. To overcome this problem the transducers were only located along the tunnel further than 10m from the ignition source.
A high voltage spark from charge stored in a capacitor was used for ignition. The energy stored in the capacitor was 20-100 J. When the experimental system is ready and the 9.3% methane charge fills the tunnel the flame test system starts to work and the data acquisition system sends its control signals. The ignition source is then ignited and the resulting explosion parameters are measured. Figure 3 shows the flame propagation velocity ver sus distance along the tunnel with the vacuum chambers of different scales. The methane concentration is 9.3%. In Figure 3 the "NV" curve is the flame propagation velocity versus distance when there is no vacuum chamber connected to the tunnel. The other curves are the results when the vacuum chambers with different cross sections and lengths were located at 2 m from the ignition source. In Figure 3b the dotted curves indicate that t here is flame propagation at corresponding measurement points, but the TST3000 system has no time to acquire flame signals in default time of 1s. Figure 3a: 1) When the vacuum chamber is not present, the flame propagates at ultrasonic velocity, the flame propagation velocity reaches 2500 m/s, resulting in a detonation with the flame bursting out from the tunnel outlet; and 2) when the square vacuum chamber with the length of 1m isconnected to the tunnel, the flame propagation velocity reaches as high as 2050 m/s at the tunnel end (a length -radius ratio of L/D =206) and exceeds the one without any vacuum chamber. So we can conclude that such square vacuum chamber has no quenching effect on the flame. In Figure 3b and Figure 3c : 1) when the vacuum chambers with other scales are connected to the tunnel, the flame propagation velocity declines and the flame propagates at subsonic velocity; 2) when the square vacuum chambers are connected to the tunnel, the flame propagates through the whole tunnel; And 3) when the cylindrical vacuum chambers are connected, the distance of flame propagation is only 1/4 of the tunnel length; both the propagation di stance and propagation velocity are much shorter and slower than that with square chambers .
Results and discussion

The suppression effect
If the cross section of the vacuum chamber is the same as the one of the tunnel, we conclude that 1) the vacuum chamber has a good effect of fire quenching when its length is longer than 1/17 of the tunnel length; and 2) increasing the length of the vacuum chamber shall not distinctively improve fire quenching degree. The vacuum chambers with large sections are more convenient to suppress gas explosion.
The suppression effect of the vacuum chamber on explosive blast waves
Reference [8] indicates that 1) the damage from an explosion generally depends on the loads on an object caused by the explosive impulse from the blast wave; 2) the P-I rule is more reasonable to evaluate damage from blast waves ; and 3) if the vacuum chamber can decrease the damage from the positive phase of the blast waves, then we may conclude that the vacuum chamber has a good suppression effect on gas explosion. Hence the suppression effect on the gas explosion is analyzed from the perspective of positive overpressure and positive impulse. The pressure and impulse mentioned below are the pos itive phase. Figure 4a to Figure 4f show the overpressure -time curves of gas explosion in the tunnel with the vacuum chambers of different scales. In Figure 4 the points P1 to P6 are six measurement points along the tunnel. "N" means the overpressure -time curves of gas explosion without any vacuum chamber and "Y" means the ones with a vacuum chamber. Figure 5 gives the maximum peak value of overpressure (p m ) in the tunnel with the vacuum chambers of different scales. Reference [8] shows that 1) the explosion in the tunnel without any vacuum chamber will cause serious damage [8] ; and 2) the p m value at the same measurement point is very small, varying from 0.48 to 1.27 MPa. From Fi gure 4 we can see that 1) when the square vacuum chamber with 1m long is connected to the tunnel, the overpressure-time curve ascends quickly, almost according with the one when there is no vacuum chamber. The p m values are about 0.3MPa and the pressure in the tunnel does not reduce. In addition, as already stated in our previous letter, the vacuum chamber of this scale has no quenching effect on the flame. Hence it has no suppression effect on gas explosion in the tunnel; and 2) when the vacuum chambers wi th other scales are connected, the overpressure -time curves are far below the ones when there is no vacuum chamber. After the short interval of pressure rise pulsations, the development of gas explosion quickly goes through the pressure-decay stage. From Figure 5a we can see that 1) when the square vacuum chambers with 3.5 and 5.5m long are connected to the tunnel, the overpressure-time curves lie in the lowest and the highest position. It shows that 1) the vacuum chamber with 3.5m long has a good venting effect on explosion pressure; and 2) when the square vacuum chambers with three kinds of lengths are connected, the p m values are more or less the same, vary ing from 0. 1 to 0. 2 MPa. From Figure 5b we can see that 1) the p m values in the tunnel vary from 0.08 to 0.14 MPa when the cylindrical vacuum chambers with 0.5 and 1m long are connected; and 2) although the vacuum chamber length of 1m doubles that of 0.5m, the p m values are more or less the same. Seen from Figure 5c , the vacuum chambers with larger cross sections have more convenient to decrease explosion pressure. Table 1 shows the I values of gas explosion in the tunnel with the vacuum chambers of different scales. It is clear that when there is no vacuum chamber, because of detonation and at the end of the tunnel (L/D=120), the pressure reaches a very high value in a short time and the I value is just about 6 kPa·s. The I values are about 20 kPa·s at the other measurement points. When the square vacuum chambers are connected to the tunnel, the I values are the smallest when the chamber is 2.5m and vary from 0.5 to 3.7 kPa·s, less than the values and range when there is no the vacuum chamber. The I values at every measurement point increases a bit as the square vacuum chambers lengths increasing. When the cylindrical vacuum chambers of 0.5 and 1m long are connected to the tunnel, the I values at every measurement point range from 0.52~0.82 kPa·s and 0.43~0.67 kPa·s. We conclude that the vacuum chambers with large cross section s are more convenient to reduce expl osive blast wave impulse.
The suppression effect of the vacuum chamber on the explosion pressure
The effect of the vacuum chamber on explosive blast wave impulse
Based on the P-I rule, it is clear that the vacuum chambers with some scales have remarkably suppression effect s on gas explosion in a tunnel. If the cross section of the vacuum chamber is the same as the one of the tunnel, we conclude that 1) the vacuum chamber has a good suppression effect on gas explosion when its length is longer than 1/17 of the tunnel length; and 2) increasing the length of the vacuum chamber shall not distinctively reduce blast wave impulse but may improve pressure venting degree. The vacuum chambers with large sections are more convenient to suppress gas explosion.
Conclusions
1)
For the cross section of the vacuum chamber is the same as the one of the tunnel, its has a good effect of fire quenching and explosive waves suppression when its is longer than 1/17 of the tunnel length. Increasing the length of the vacuum chamber shall not distinctively improve suppression effect on gas explosion. The flame propagates at subsonic velocity through the whole tunnel. The p m values of the blast wave vary from 0.1 to 0.2MPa and the I values are less than 1 kPa·s. The explosive power in the tunnel with the vacuum chamber present is much less than without it.
2) The vacuum chamber with a large cross section is more convenient to quench fire and suppress explosion. For the cross section of t he vacuum chambers is 11 times as the one of the tunnel, they have a good suppression effect on flame and explosion suppression. The distance of the fame propagtion is only 1/34 of the tunnel lenth. The p m values of the blast waves vary from 0.08 to 0.14 MPa and the I values vary from 0.52 to 0.82 kPa·s. Increasing the vacuum chamber lengths shall not distinctively improve the suppression effect on flame and explosion waves .
